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EXECUTIVE SUMMARY

As one of the pressurized water reactor (PWR) internal components -foaffier bolts
(BFBs) are subjected to significant mechanical stress and neutron irradiation from the reactor core
during the plant operation. Over the long operatp®riod, these conditions lead to potential
degradation and reduced leedrrying capacity of the boltdn support of evaluating loaterm
operational performance of materials used in core internal compotieat§)ak Ridge National
Laboratory (ORNL), though the Department of Energy (DOE), Light Water Reactor Sustainability
(LWRS) ProgramMaterials Research Pathway (MRRsharvestedwo high fluenceBFBsfrom a
commerciaWestinghouse twdoop downflow type PWRThe two bolts of interest.e. bolts# 4412
and 4416,were withdrawn from service in 2011 as part of a preventative replacement plan. No
identification of cracking or potential damage was found for these bolts during their removal in 2011.
However, the bolts required a lower torque for remdk@h the baffle structure than the original
torque specified during installatiolmradiation displacement damage levels in the bolts range from 15
to 41 displacements per atom. The goal of tpisjectis to perform detailed microstructural and
mechanicaproperty characterization &FBsfollowing in-service exposures. The information from
these bolts will be integral to the LWRS program initiatives in evaluating end of life microstructure
and properties. Furthermore, valuable data will be obtained #mte incorporated into model
predictions of longerm irradiation behavior and compared to results obtained in high flux
experimental reactor conditions.

In this report, we present our latest study in BEY62 microstructuralcharacterizations of the
secondhigh fluencebaffle-formerbolt, i.e., bolt # 4412Analytical electron microscopy and atom probe
tomography characterization were performed. The radiatidmced defects in the materadd to the
large wealth of knowledder neutroninduced defects in 304/316 grades of stainless segmsifically
for radiationinduced precipitatiomfter high fluence commercial PWR irradiatidie main findngs
are summarized dsllows:

1) Thecavity sizewas considerably larger in thelt thread section than in the bolt heaith the
bolt thread section having a bimodal distribution of cavities greater than ~6 nm in diameter and
less than ~3 nm in diametdie bolt head only had the smaited cavitiesln addition, there
was a dended zone of large cavities near grain boundaries in the thread section of the bolt.

2) Radiationinduced precipitation in the BFB #4412 was highly complex, with thidume
fraction,size,andnumber densityf Ni/Si and Curich precipitates depending strongly the
radiation temperature/doda.many cases, eprecipitates of adjoined clusters were found with
Ni/Si-rich precipitates sandwiched betweeni@h clusters and Mo/CrfHch clusters.

3) Solute segregation out of solution was highest for most solutbe thread section of the bolt
#4412 with the exception of Cu, which experienced more separation out of solutioninto Cu
rich clusters in the bolt head section. This highlights the difference in the mechanisms for
precipitation of Ni/Si clusters, whichalie the NiSi phase compositigrand precipitation of
Curich clusters.

4) There appear to be multiple simultaneous influences that affect the microstructural variation
along the length of the bolt that overcomes the ~2X difference in irradiation dose b#te/een
bolt head and the bolt threatheirradiation temperaturehermal/fast neutron ratio variation,
potential strain gradienand exposure tBWR coolant watethat each section of the bolt see
may havemore influence on the microstructural evolution than the total irradiation @hee
bolt thread and shank, withigher temperaturénigher relative fast neutron flukigher strain,
and exposure to coolariut lower dosge underwentmore enhanced cavityoifmation,
precipitation, and solute segregation thankbke headsection.
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1. INTRODUCTION

As one of the pressurized water reag®WR) internal components, baflermer bolts (BFBSs)
are subjected to significant mechanical stress and neutron irradiation from the reactor core during the plant
operation. Over the long operation period, these conditions lead to potential degrathtieduaed load
carrying capacity of the boltand life extension of existing PWRs would only cause more datoabe
bolt material.Indeed, he BFB has been a particular concern for minelearindustry since the first
observation of failed bolts following the investigation of flovduced vibration of fuel rods in elements on
the core periphery observed in French 900 MW plants in the 1380k the United States, the first
degraded BFBs were observed in 1999. In support of evaluatingdaongoperational performance of
materials used in core internal components, Ntagerials Research Pathway (MRP) under ths.
Department of Energy (DOR)ight Water Reactor Sustainability (LWRS) Program pursued the retrieval
of aged structural components foretlstudy of the microstructure, mechanical, and correstated
properties including stress corrosion cracking (SCC) and irradiatisisted stress corrosion cracking
(IASCCQ) initiation and growth. To this end, tMRP successfully harvested twigh fluence BFBgrom
a Westinghouséwo-loop downflow type PWRin 2016. In the same year, the two BFBs were received at
the Westinghouse, Churchill, PA, facility for inspection and specimen fabricdtin fabrication was
completed in 2017 with specimens shigpe Oak Ridge National Laboratory (ORNL) for further testing.

In thisreport, we present our latest study inZ2Ybnmicrostructuratharacterizationsf thesecond
high fluencebaffle-formerbolt, i.e., bolt # 4412The objective of thiprojectis to provide information that
is integral to evaluating end of life microstructure and properties as a benchmark of international models
developed for predicting radiatienduced swelling, segregation, precipitatiamd mehanical property
degradationtlnitial characterizatiofiocusing on microstructure for one harvested B, bolt #441&nd
microhardness on both BFB®msbeen summarized in the FY19 milestone report for this pr¢pct
Fracture toughness afatiguecrack growth rate testing results of both BFBs have also been published in
the FY21milestonereport[3] for this project.Those initial microstructural characterizations utilized
transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM). Here,
in addition to TEM and STEM, furtheharacterization via atom probe tomography (AR&sperformed
to determine elemental segregation mechanisms with high resoR#&eults from this study specifically
fill the knowledge gaps for the mechanisms of radiaimmiuced precipitatiomnd cavity formation as a
function of radiation temperature and radiation dose for type 316 austenitic stainless steels used in
commercial PWR power plants.

2. EXPERIMENTAL

2.1 Materials

Thetwo harvestedBFBs had the lghest fluenceamongbolts withdrawn fromservice in 2011
Both bolts showed no indication of cracking durithg ultrasonic inspection and in visual inspection
following removal from service. However, the bolts required a lower torque for removal from the baffle
structure than the original torqeeecified during installatiorkzigure2.1 showsimages of the bolt head
of two retrieved BFBs. No indication of surface cracking was observed tnatfigtion region between
theshaft and head, although some surface debris scale flaked off from the bolt body. The shiny portion of
the bolt head was due to electric discharge mach{&bd/) when the bolts were removed from the baffle
wall. The ID numbefor the bolts follows a4igit code with the first number being the quadrant location
in the reactor, then the associated baffle plate number, the column location of the bolt associated with the
particular baffle platewumber, and finally the former pg&alocation where the bolt originateérevious
reports stated that the bolts are type 347 austenitic stainless ste](28houghthe exact elemental
compositons of the two retrieved BFBsealsonot availableTable2.1 showsthe compositions of three

1




heats of type 347 SS used for the construction of the reactor in comparison with the material specification.
The compositions of all three heats met the typé S8 specificationHowever, based on tHgcanning
Electron Microscopy (SEMEEnergy Dispersive Xay Spectroscopy (ED$@sults with an example of the

EDS spectra ifrigure2.2, obtained in this fiscal yeait wasfoundthat the actual material ftwoth bolts
wascold-workedtype 316 SS instead of type 347 @& to lack of Nb and existce of Mo in the bolt.

The same surprise was found in another fooih Point Beab Unit 2 a Westinghouse twimop PWR as
documented in an Electrical Power Researsthitite (EPRI) report on hot cell testing BFBs[4]. The
composition in both atomic percent (at%) and weight percent (wt%) for bolt 4412 as determined by atom
probe tomograph{APT) is presented ifable2.2. This bolt is within specifications for type 385 with

slightly elevated Cr content, but this could be due to local variations.cbhiposition from APT further
confirms the bolt is of type 316 and not type &&.

' Figure2.1 Images of bolt heads for bolt #4412 in (a) and bolt #4416 ifb[b)

Table2.1 Compositions of three heats of type 347 SS used for the construction of the reactor in comparison
with material specification (wt%)

Element Heat A HeatB HeatC  UNS S34700 spec

Fe Bal. Bal. Bal. Bal.

Ni 10.46 10.68 9.80 9.0013.00
Cr 18.10 17.95 18.64 17.0619.00
Mn 1.63 1.34 1.83 2.00 max
Nb 0.96 0.70 0.81 10 x C min, 1.00 ma
Si 0.75 0.55 0.75 1.00 max
C 0.05 0.06 0.07 0.08 max
P 0.03 0.03 0.023 0.045 max
S 0.026 0.02 0.018 0.03 max




" No Nb peak, but there isa Mo peak

Figure2.2 SEM-EDS energy spectra éfom bolt #4412(with similar spectra fobolt #4416not shown)
showingaMeL U p e a kkeVabut n@Nb29 p e a kkevat 2. 17

Table2.2 Average ompositions obolt 4412from 12 APT reconstructions (4 from each section of liolt)
comparison with material specification (wt§6)y 316 SS

Element At% Wt% UNS S3600wt% spec.

Fe 64.19 64.62 Bal.
Ni 11.55 12.22 10.00-14.00
Cr 19.32 18.11 16.00-18.00
Mn 1.62 1.60 2.00 max
Mo 1.18 2.04 2.003.00
Si 1.24 0.63 1.00 max
C 0.20 0.043 0.08 max
P 0.024 0.013 0.040 max
S N/A  N/A 0.0 max
Cu 0.26 0.29 0.75 max

Table2.3 provides information on the range of fluences and estimated displacement damage along
the length of the two bolts. The displacement damageesalor the two bolts range from 15 to 41
displacementger atom (dpa) assuming a fluence to dpa conversion value ®fl6?¢ n/cn?, E> 1 MeV
perdpa[6]. Other important information for the two retrieved bolts not available at the tipregdration
of this reportincludes the irradiation temperature prafileadiation flux, and thermomechanical stress
state.Theserequire more complicated modeling aralculation and can vary within each power cycle and
from cycle to cycleFor instancecalculationg7] from Point Beach Unit 2, which is another Westinghouse
two-loop type PWR, showed that the irradiatiemperature and flux for a BFB from a region next to the
bolt 4416studiedin this workvaried in the range of 32344°C and 7.5 10'*-1.8x 10" n/cn?-sec (B> 1
MeV) along the length of the bolt, respectivédymilarly, a baffleformer bolt removed from the Tihange
1 PWR showed a variation irradiationtemperature of about Z& (320-343 °C) along the bolt and a
damage dose that was 2.6X higher in the bolt head (19.5 dpa) than the bolt thread (8]5 Tpedefore,
the value for a detailed calculation on irradiation temperature and flux of BFBs may be limited due to the
large variation of those parameters during the lifetime of a. BR8worth noting thaPointBeach Unit 2
was originally awestinghouséwo-loop downflow type PWR butwas converted to upflow iNovember
1986(7].

Table2.3 Fluence anéstimateddisplacement damage distributions for two retrieved BFBs

Bolt # Fluence (1& n/cn¥, E> 1 MeV)/Estimated dpz




Head Mid-shank Mid-thread
4412 2.78/41 2.27/134 1.46/22
4416 1.91/29 1.56/23 1.00/15

The specimen machining plan and the schematic for specimen ID are shéwuri®2.3 and
Figure 2.4, respectively. For each BFB, four bend bar specimens and seven thin slice speoémeens
machined. The bend bar specimavere used in thefracture toughness and fatigue crack growth rate
studies, whereas the thin slice specimens are planned for subscale tensile and microstructural analyses.
Specimens were machined from different fluence regions of each bolt, allowing for studies of the effect of
fluence on the microstructural and mechanicalpprties of BFBs. Three thin slice specimens were
machined from the hightress concentration regidre., the transition between the bolt head and shank, of
each bolt to allow for further investigation of possible crack initiation sites.
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Figure 2.3 Machiningdiagramfor the BFBs showing the colecoded sample typgsed: 0.5 mm slices,
black: 1.0 mm slices, light orange: bend bars, and light blue: remaining collar maf8fials)

Dimensions in inches, unless otherwise shown.
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Figure2.4 Schematic for sample IDs from machined BF&s
2.2 Characterization Methods

Detailed TEM and APT characterizations were performed on the thin slice specimens and needle
shaped specimens prepared by foctisaebeant scanning electron microscoffyiB/SEM). In detail, after
mechanically polished to imor-surface conditions, thin slice specimens from BS, MS, and CS sections
were | oaded into an FEI Ver sa3D Rypd8saspledvem liftad Be a mE
out from the specimens for TEM characterizations and needle shgmedpeciemns ere liftedout and
shaped for APT characterizations. The TEM sample preparation followed the procedures of initial
trenching, cutting, and thinning to 200 nm with 30 keV Ga ion beam, rough polishing to 100 nm with ion
beam energy gradually reduced fromKe/ to 8 and 5 keV, and fine polishing with 2 keV ion beam to
remove most FIBnduced damageBefore loading into the TEM, samples were always cleaned with a
Fischione 1020 Plasma Cleaner for 10 minutes on each side using 900 eV Ar ions.

Conventional TEMcharacterization of radiatieimduced dislocation loops and cavities were
conducted using a JEOL 2100F fiedchissionagun TEM operated at 200 keV. Cavities were identified by
comparing underfocused and overfocused images from the same area, providiagtificgtion of cavity
size and distributions. TEM/Energydispersive Xray spectroscopy (ED®)ased mapping was performed
using a Thermo (formerly FEI) Talos F200X STEguipped with the Superxgector Xxray EDS system.
Precipitates andislocations weg imaged using on [00one axis bright field (BF)annular dark field
(ADF), and high angle ADF (HAADFmaging conditions. Beam conditions were2-hA and 200 keV.
X-ray spectrum images were acquireith a rate of 20,000 counts/second for a duratiohabout one
hour, and then maps of the relevantrays lines were extracted via pgsbcessing10].

APT was performed on a Cameca LEAP 4000XHR ukisgr pulsenode with daser energy of
60 pJ,detection rate of 0.005 atoms/pulse, pulse repetition rate of 200 kHz while maintaining needle
specimen temperature &40 K. Reconstructions and analyses for APT were performed using Cameca's
Integrated Visualization and Analysis Software BJ8(IVAS) using techniques that include radial
distribution functions (RDF)analysis, frequency distribution analysind isoconcentration surface




(isosurfacepased cluster analygi$1i 13]. Similar mass/charge range files with only minomatnents

in the widths of selected peakstween reconstructions were used to reduce potential artefacts in
compositional analyses among the various samples. The tip profile reconstruction method was used for
determining the initial radius of the reconstian using high resolution SEM images of the final tip. A

fixed image compression factor of &.&nd kfactor of 3.30vas used as no clear pole locations were found
within the field ion micrographs. Global background subtraction was used for deternonnpgsition.

Peak overlaps were considerud adjusted based on relative natural abundance of spsetfipesand
preferred evaporation charge state; in general, these oveddpaminimal effect for the purposes of this
studyas the greatest overlapaunted for less than 5% of a particular element (isotope 54 with overlaps
for Cr and Fe)

Cluster analysis in APT data issammonunsupervised machine learning problem, and like many
other problems in this category, it lacks a clear metric/loss fumtti define a quality of prediction or a
confidence level of the result. In this study, uged the isosurface method for, IS, Mo, andCu clusters
identification[14,15]. It is a simpleandwidely used technique to identify clusters by constructing a constant
concentration surface based on local solute concentration, and the enclosed ions are identified as a cluster.
This technique has great flexibilities and needly one user input as concentration threshold. The
concentration threshold is kept constant for all datasets since we are interested in the cluster size evolution,
which is directly affected by the threshold choice. However, the selection of parametersdriaystmae
uncertainties for cluster identificatiamconditions where precipitation is low (i.eaw temperature thermal
aging or irradiation) This is due to some clusters having much lower solute concentration in these
conditions. However, wbelieve the corresponding volume fraction trend is preserved despite the minor
uncertainties.

RDF analyses of individual elements in APT datablesinderstandingf not only theextentwith
which the elements segregate but also to which other eleheptseémost stronghattracted to or repulsed
by [13,16] RDF analysis provides an average radial eatration around each atom in the APT
reconstruction data for a particular element as a function of radial distance from the center atom. This
average radial concentration profile for each element, when divided by the average bulk concentration of
that elenent, provides the bulk normalized concentration plots. A value of 1 for bulk normalized
concentration corresponds to a random distribution or no correlation with the designated element. A value
above 1 indicates attr act Aealue less thdn 1tindimtesfaaepuisive r a't
interaction with the designated element.

3. RESULTS AND DISCUSSION

3.1 TEM/ STEM Characterization

TEM and STEM characterization revealed heavily evolved microstructures BStlzad CS41
sections of thaBFB #4412 duringservice, with high densities of dislocations, precipitation, eendty
formation. These same behaviors were seen previously in the other BFB, #4416 analyzed pfg}iously
The STEM BF, ADF, and HAADF imaging and STERDS element maps iRigure 3.1, Figure3.2, and
Figure 3.3 show a high degree of Ni/Si precipitation withhre grain interiors. In these observations, no
segregation was found at the grain boundaries that were investigated. However, it is highly likely that these
boundaries are low angle grdinundarie§LAGB) or twin boundaries; each of which have been shtmwn
have less radiatieimduced segregatio(RIS) than high angle grain boundarigkr]. This difference
between LAGB and HAGB segregation was also found in BFB #f2]160 it is expected that RIS will
be clearly shown in HAGB in BFB #441terestingly though, in the grain boundary in the BS section in
Figure3.1, there is larger precipitation of Ni/Si/Mn precipitates. The composition line profile through these
grain boundary precipitates shows these are a different composition from the Niii@taie=cand have a




composition ratio similar to that of-@hase (NisSizMne) often found during aging or irradiation of the
ferrite phase in cast austenitic or duplex stainless g:E9]
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Figure3.1 STEM-BF/ADF/HAADF images, STEMEDS elementmaps, and concentration profiles across
a grain boundary (possibly a low angle grain boundary) from the BS section of the BFB #4412.

Separate from the grain boundary, there appears to be diffierdnce in the precipitation behavior
between the BS and C81sections of BFB #4412. Comparing the Ni and Si element mdfigune 3.2
andFigure3.3, which are at the same magnification near similar twin boundaries, it becomes clear that the
number density of Ni/Si precipitates is higher in the @Sfection Figure 3.3) than in the BS section
(Figure3.2). The number density is abbl.52 times higher in the CSI section; however quantification
is not optimal for EDS of such firgcale particles (APT in the next section is better for thisg. higher
number density in CS1 makes sense as the radiation dose in the IC&Hction $ approximately double
that of the BS section of the bolt. On the other hémel,number density and siappear approximately
similar to the corresponding sections from the BFB #4416, which had a lower radiation dose; thus, it is
likely that a steadgtak or plateau in particle size has been reached and with the size and number density
determined by the radiation temperatarestrain gradientwith higher density of smaller precipitates
occurring at a lower temperatuve lower strainQuantitative instad of purely qualitative comparisons in
the number density and siketween the two bolsill be determined based on the further A®¥d STEM
analysis to come in FY2® addition,it appears there is more localized Cr and Mo segregation in the BS
section(Figure3.2) than in the CSl section Figure3.3). This highlights that there is a difference other
than radiation dose between the bolt head,-CSdnd the bolt thread, BShis difference is further
emphasized by looking at the differenio cavity size and density.





































